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Abstract. We have successfully developed a laser system to
produce pulses with a wavelength centered at 800 nm, ener-
gies above 15 J, temporally compressed to 75 fs and focused
to power densities beyond 10?! W/cm?. Enabling technolo-
gies include chirped-pulse amplification (CPA), 10 cm aper-
ture Ti:Al,O3 crystals, large diffraction gratings, and an en-
ergetic Nd:glass laser for pumping the final two amplifiers.
Measurements of the compressed pulse spectrum, frequency
resolved optical gating (FROG) diagnostic, and focal spot are
presented. We have also investigated and developed a tech-
nique for suppression of transverse parasitic lasing in large-
aperture Ti:sapphire crystal amplifiers.

PACS: 42.65.Re; 52.40.Nk; 41.85.Ew

The principal activity of our research group at Lawrence Liv-
ermore National Laboratory (LLNL) is directed at the study
of high-energy-density matter with an emphasis on equation
of state and opacity. The use of ultra-short-pulse laser-matter
interactions can provide a new technique for the creation of
high-energy-density plasmas in the laboratory. Our efforts are
differentiated from other LLNL laser facilities in that we uti-
lize prepulse clean 50 to 150 fs laser pulses to deposit energy
in solid density matter prior to the plasma expansion. To fur-
ther this research, we have developed a novel short-pulse laser
capable of focal intensities in excess of 102! W/cm? with en-
ergies on target in escess of 15 J. We refer to the laser system
as “JanUSP”, so named since we are using one arm of our
“Janus” Nd:glass laser system as a pump source for the final
two stages of an ultra-short-pulse (USP) laser system.

This system was conceived more than seven years ago
and takes advantage of several technological advancements
developed since then. While waiting for the development of
suitable optical components, we experimented with a smaller-
scale CPA system and various final amplifier schemes, includ-
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ing flashlamp-pumped Ti:sapphire [1] and Nd:glass laser-
pumped Ti:sapphire [2,3]. The latter of these schemes has
been in use at our USP laser facility for over four years and
has proven to be a robust source for the generation of power
densities > 10'° W/cm?.

Chirped-pulse amplification laser systems have exten-
sively evolved and matured since the mid-1980s. The two
gain media most commonly employed for CPA are Nd:glass
and Ti:sapphire. Recently, the scaling of a CPA Nd:glass
system to very high intensity (= 2 x 10%° W/cm?) has been
achieved with large-aperture disk amplifiers (46 cm diameter)
on the Petawatt Laser Project at LLNL [4]. Many factors must
be considered when selecting laser amplifier media. Gener-
ally speaking, when comparing Ti:sapphire to Nd:glass, the
gain bandwidth of Ti:sapphire is more than 10 times that of
Nd:glass; saturation fluence (E;) is ~ 1 J/cm? for Ti:sapphire
and =~ 5J/cm?® for Nd:glass [5], and the small-signal power
gain coefficient(gp) is much greater for Ti:sapphire. Until
now, efforts to scale titanium-based laser systems to intensi-
ties greater than 10'° W/cm? have concentrated on reducing
the amplified pulsewidth to less than 20fs [6,7], because
significantly higher pulse energies have been limited by the
availability of large-aperture crystals with high optical qual-
ity. Here, we report on a CPA laser system which utilizes
the largest Ti:sapphire disk amplifiers ever produced (10cm
diameter). Optimization of disk amplifiers with larger aspect
ratios (transverse to longitudinal) and increased pump energy,
becomes increasingly difficult as suppression of parasitic las-
ing becomes a key challenge.

Ti:sapphire amplifiers are typically longitudinally pumped
by Q-switched neodymium oscillators frequency doubled
to = 530 nm, which is near the titanium absorption peak.
Larger pump sources append flashlamp-pumped Nd:glass
amplifiers to the oscillator before frequency doubling. Beam
profiles from Ti:sapphire amplifier stages can also be ef-
fectively shaped by adjusting the size, position and profile
of the pumping beams; however, poorly shaped pump pro-
files can deleteriously affect the disk amplifier’s spatial gain
uniformity.
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1 System configuration

Our laser is very similar to what we have previously de-
scribed [2,3], where as much as 3 J of chirped-pulse energy
has been obtained from a 3 cm aperture Ti:sapphire ampli-
fier longitudinally pumped with 157 of 532 nm light. The
laser system described here is a completely separate facility
but similar up to the 3 cm aperture amplifier stage. From this
point the 280 mJ chirped pulse then double-passes each of the
final two Ti:sapphire amplifiers in “V” configurations. The
beam then enters a vacuum compressor and is routed to the
target chamber and focused with an off-axis parabolic (OAP)
mirror. Only reflective optics are used once pulse recompres-
sion is begun.

2 Component and layout discussion

We have been able to bring together three important en-
abling technologies: (1) an energetic, large-aperture laser
pump source (for the Janus laser is capable of supplying over
1507 of 532 nm light); (2) large high-quality diffraction grat-
ings; (3) large-aperture laser-grade Ti:sapphire crystals for
amplification.

A significant amount of effort was put in to optimize one
arm of LLNL’s Janus silicate glass laser system in order to
use it for pumping the final two Ti:sapphire amplifiers. For the
front end of this source we selected a Quanta Ray GCR-11
seeded Nd:YAG laser. This source has enabled many system
improvements. The 8 ns temporal profile (reduced to = 6 ns
after amplification; and =2 5 ns after doubling) is well-suited
to our 17 mm KDP doubling crystals and, by starting with an
energetic & 60 mJ pulse, we were able to remove several am-
plifiers and optics from the original chain, resulting in a much
lower B-integral (integrated nonlinear phase due to intensity
propagation effects [8]) and improved spatial characteristics.
Alignment is much easier with this 10 Hz source as there is
even enough light through the chain to see the 532 nm beam
on the final Ti:sapphire amplification table. The improved
spatial profile is flat to within 20% after being doubled to
532 nm. Amplification of the 1w pulses to more than 3007
in a 9 cm diameter beam has been achieved with no degra-
dation to the laser optics. Nd:glass amplifier technology is
well-established and highly reliable. Disadvantages of using
Nd:glass amplifiers in the pump chain include their physi-
cally large size and having to operate them at low repetition
rates due to thermal issues. The repetition rate for our system
is 10 Hz, with the exception of the final two amplifier stages
where the maximum rate is limited to 3 shots per hour by the
glass amplifiers.

Routinely, 240J of 1w pulses is doubled to = 1207 of
532 nm light and then relay-imaged using two (F = 7.5m)
lenses and a vacuum tube into the USP lab, where it is then
beam-split and sized using lenses to the appropriate diameters
for longitudinal pumping the final two Ti:sapphire amplifiers.
Accounting for some losses in pump path, the 3-cm-diameter
Ti:sapphire amplifier is pumped on each side with 9 J and
the final amplifier with = 40 J at 9 cm diameter on each side.
The design of the amplifier layout also took into considera-
tion the timing of the pump arrival to the arrival of the chirped
short pulse. Prior to solving parasitic lasing problems, small

amounts of timing jitter resulted in large gain variations in
these final amplifiers.

Since an unclipped Gaussian beam is propagated through
the amplifier chain, relay imaging is not necessary to prevent
diffraction ripple growth as in the case of a top-hat beam (e.g.,
the NOVA laser). Also, since the quality of the optical compo-
nents is high and there are relatively few of them, no vacuum
spatial filters are needed. Hence, Galilean beam expanders are
used between amplifier stages and between the final amplifier
and the compressor in the Ti:sapphire chain. The optical paths
are sufficiently short that the use of relay imaging in a vacuum
is not required. The use of Galilean beam expanders has the
added advantage that spherical aberration can be minimized
in a properly designed system. We have used ZEMAX optical
design software from Focus Software, Inc. to determine the
optimum expander design.

If the accumulated B-integral in a laser system approaches
2 radians, the concentration of energy in the focal spot is re-
duced, with a corresponding drop in total intensity on target.
Total calculated B-integral for our system is 22 0.51 radians.
We estimate that a glass amplifier with the same fluence
and achieving the same gain would have five times the ac-
cumulated B-integral. Key to maintaining a low B-integral
in our system is the use of large-aperture optics at low flu-
ence and high gain amplifiers, few in number, which do
not push the extraction efficiency at the expense of the
B-integral.

Stretched pulses with energies above 21J and centered
at 800 nm have been measured just in front of the vac-
uum compressor. The compressor utilizes 14801/mm gold
coated holographic gratings [9,10] (Gl = 33 cm diameter,
G2 = 40 cm diameter) manufactured at LLNL, and it has
an overall throughput efficiency of 75% in double pass. We
have found the damage threshold of gratings made with
a similar process to be > 200mJ/cm?. Initially, a tightly
focused spot was difficult to obtain because of the grat-
ing mounts that distorted the first-order diffracted wave-
front. This situation has been corrected by changing the
mounting scheme. Although not always possible, the wave-
front of each mounted optical component should be meas-
ured in situ. Large optics, in particular, suffer distortions
simply due to their weight not being uniformly supported.
Temperature variations can also produce stress and induce
distortions.

After the pulse is compressed, it is routed to the target
chamber (in the same 10~ Torr range vacuum environment),
where it is reflected off of a 15.24 cm diameter gold-coated
F/2 OAP mirror. The beam path through the compressor
and onto the OAP has a clear aperture of 15cm. We have
designed an equivalent plane focal diagnostic utilizing an
uncoated OAP identical to that used in the target chamber.
Transmitted light from one of the final dielectric turning mir-
rors in the compressor vessel is collected, reflected off two
uncoated surfaces, attenuated by 2 10° using filter glass, and
then focused. The focal point is imaged, using a 60x mi-
croscope objective and extension tubes onto a CCD cam-
era, enabling a digitized image resolution of 0.26 wm/pixel.
A similar imaging camera is placed in the target chamber

_and used for cross-checking when optimizing the OAP for

minimal astigmatism. The imaging system’s spatial calibra-
tions are performed using a Newport RES-1 resolution test
target.



2.1 Farasitic lasing

Parasitic lasing is among the most important laser physics is-
sues which must be addressed when designing large-aperture
high-gain amplifiers. This problem was originally identified
and studied in the mid-1960s for ruby lasers [11] and later
in the 1970s for large-aperture Nd:glass disk amplifiers [12—
15]. Parasitic lasing is due to the formation of a laser cav-
ity by Fresnel reflections at the material interfaces of the
gain medium. In general, many complex cavity configurations
with multiple reflected ray pathways can simultaneously lase.
In Nd:glass disks without special edge claddings, the mag-
nitude of the Fresnel reflections are of the order of ~ 5%
and so the onset of parasitic lasing typically becomes prob-
lematic when the transverse gain approaches e (= 20) [12].
Above the parasitic lasing threshold, the gain is clamped and
no additional energy may be stored in the amplifier. Fortu-
nately for Nd:glass, many suitable materials are available for
index matching around » = 1.5 and parasitics have success-
fully been suppressed in disks greater than 30 cm in diam-
eter [14,15]. The significantly higher index of Ti:sapphire
(n = 1.76) and its enormous transverse gain (in part due to the
longitudinal pumping geometry) present special problems for
parasitic suppression techniques [16].

Measurements of parasitic lasing have been performed on
three different Ti:sapphire disk amplifiers [17]. Two of the
disks (designated as CS1 and CS2) were grown by Crys-
tal Systems, Inc. using the heat exchanger method. These
disks are 10 cm in diameter with frosted, roughened edges.
The CS1 disk is 1.15cm long and has single-layer MgF,
anti-reflection coatings centered at 800 nm (the residual re-
flectivity (R) at 800 nm being & 1% and that at 532 nm being
2 7%). The 532 nm absorption coefficient (o) for CS1 is
a2 1.87cm™L. In contrast, disk CS2 is uncoated (R 7% at
both 532 nm and 800 nm), has a significantly lower titanium
concentration (a &~ 0.85c¢cm™!) and a longer length (L) =
3.3 cm). The third Ti:sapphire disk studied here, designated
UCI1, was grown by Union Carbide utilizing the Czochralski
method. Disk UCI has single-layer MgF, coatings, a diam-
eter of 8 cm, a length of 2.5cm and o =~ 1.8 cm™!. Addition-
ally, our observations indicate that large-aperture Ti:sapphire
crystals grown by the heat exchanger method have a much
better transmitted wavefront compared with the one using the
Czochralski method, and this appears primarily due to the
seeding process.

Figure 1 shows the transverse optical power spectrum of
crystal CS1 at high pump fluence (= 1.7 J/cm?). Trace 1 in
the figure indicates that the crystal is lasing in the transverse
direction; the spectrum has red-shifted and narrowed com-
pared with a series of transverse spectra (not shown) recorded
at lower pump fluences (as low as =~ 0.2] /cmz). The onset
of transverse lasing in this crystal can also be detected in the
time domain. Figure 2, Trace 1 shows the photodiode signal
recorded for the double-pass diode laser at the same fluence
as Fig. 1. The flat baseline, which is present before the green
pump pulse arrives (= 0—10 ns), serves as an automatic cali-
bration for the gain measurement since the propagation losses
are included (i.e., by definition the net gain = 1 before arrival
of the pump pulse). As the green pump pulse is absorbed by
the Ti:sapphire disk, the gain rises as the integral of the pulse
energy until the transverse lasing threshold is reached, where-
upon the gain is rapidly depleted as the inversion is dumped
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Fig. 1. Transverse spectra of crystal CS1 at high pump power. Trace 1,
without cladding; trace 2, with cladding
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Fig. 2. Oscilloscope record of the double-passed diode laser at the same
fluence as Fig. 1

by the lasing modes. The temporal dependence of the tran-
sient gain feature in Trace 1, Fig. 2, is consistent with that
expected for a gain-switched Ti:sapphire laser with a cavity
length (= 1.2 ns) and loss (= 99%) predicted for the trans-
verse lasing geometry of the CS1 disk. After the transverse
lasing modes drop below-threshold, a small residual longi-
tudinal gain remains and persists for several microseconds
(consistent with the Ti:sapphire lifetime). Close examination
of a series of spectra and scope traces indicates that the
threshold for transverse lasing occurs at 2 0.7 J /cm?,

‘We have explored techniques for suppression of the trans-
verse lasing. Simple application of black ink to the frosted
edges of the crystal yielded only a minor increase in the
lasing threshold. Cladding the CS1 crystal with an index-
matched thermoplastic polymer (R.P. Cargille Laboratories,
catalog number 24170) doped with an absorber (powdered
ink from a Canon toner cartridge, catalog number F41-9502-
740) produced much more significant results. For 800 nm
light, the thermoplastic is highly transmissive and has an
index of refraction (n) of 1.6849. The Fresnel reflection
at the Ti:sapphire interface (n = 1.76) is thus estimated to
be & 0.048%, which implies that transverse parasitic lasing
should not occur across the input face until the transverse gain
is & 2100.
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Figures 1 and 2 also show the spectral and temporal char-
acteristics for the cladded CS1 crystal. Trace 2 in Fig. 1 shows
a transverse fluorescence spectrum with a center wavelength
and bandwidth typical for below threshold optically pumped
Ti:sapphire crystals [18]. Trace 2 in Fig. 2 shows the tem-
poral dependence of the double-passed diode laser through
the cladded CSI crystal. In contrast to Trace 1 in the fig-
ure, where a short gain-switched pulse indicative of parasitic
transverse lasing is observed, Trace 2 shows a reduced flu-
orescence lifetime (400ns) but no evidence for transverse
lasing.

Recently, we have had the frosted perimeter of CS2
ground and polished (non-optically) at a dual bevel (3° and
4°), extending from the center to the crystal faces. Then the
perimeter is encased with the thermoplastic solution. No par-
asitic lasing has been observed with 120 J of 532 nm pump in
a 9 cm diameter beam.

3 Discussion of prepulses

Prepulse is an undesirable parasite common in femtosecond
laser systems. For many applications the contrast of pre-
pulse to main pulse intensity is not an issue; however, for
solid density plasma studies, prepulse will directly affect the
density conditions when a short-duration high-energy pulse
arrives. The main sources of prepulse are: (1) pulses leak-
ing from previous round trips in the regenerative amplifier;
(2) ASE—with contributions from each stage of amplification
but dominated by contributions from the regenerative ampli-
fier; (3) high-order phase distortions, typically due to system
bandwidth limitations and/or stretching or compression er-
rors. We strive for a focused prepulse with power density no
greater than 10'! W/cm?.

We have been working to minimize prepulse on sev-
eral fronts. The prepulse due to previous round trips in the
regenerative amplifier can be effectively attenuated provid-
ing a contrast of 1:10° with two stages of good-quality
crossed-glan laser polarizers and Pockels cells after the re-
generative amplifier. Our system uses one of these stages
after the five-pass bow-tie amp, which also helps to atten-
vate ASE accumulations up to that point. Large-aperture
Pockels cells do not turn on quickly enough to effectively
attenuate ASE in the nanosecond range just prior to the
main pulse. That is why we plan to amplify the oscilla-
tor pulses with an additional multipass Ti:Sapphire stage,
and then propagate this through a saturable absorber and
pulse stretcher so that the regenerative amplifier is more en-
ergetically seeded [19]. This should improve contrast by at
least 100 times from the measured ASE intensity contrast
of 5 x 107,

Another approach to prepulse cleanup is to place in
the setup a frequency-doubling crystal after the compres-
sor. Using the SNLO nonlinear optics code available from
A.V. Smith, SNL, Albuquerque, NM, we have estimated
that a 10* improvement in contrast could be realized with
acceptably low levels of temporal pulse broadening and
spectral shaping due to group velocity dispersion. Addi-
tional calculations have helped us determine 0.8 mm as
a practical thickness for the 15-cm-diameter doubling crys-
tal, balancing the practicality of manufacturing with high
doubling efficiency over a range of input intensities with
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Fig. 4. Temporal lineout from a FROG image of a 15] compressed pulse.
FWHM width = 106 fs, corresponding to a pulsewidth of ~ 75 fs assuming
a Gaussian pulse shape

a low level of pulse distortion and B-integral. Calculations
indicate that B-integral will limit the maximum operating
fluence and total input energy to about 6], as shown in
Fig. 3. Ideally, with =~ 417J in the second harmonic of the
crystal and a 2 um focal spot diameter, 10>! W/cm? is still
attainable.

The final aspect of prepulse that we address is higher-
order phase. An adjustable air-spaced doublet [20,21] located
in our stretcher provides control over second-, third- and
fourth-order phase. However the temporal pulse width or
spectral phase remains difficult to measure with the high
dynamic range desired (> 10°) at the low shot rates re-
quired for the full-energy operation of our laser. Our best
tool is the standard polarization gate FROG technique [22]
but the dynamic range is limited to < 10°. Figure 4 shows
a lineout of a FROG trace in the temporal direction, in-
dicating a 75fs FWHM. Our compressor was designed
with sufficient bandwidth for 30fs pulses with spectral
clip-points supporting 69nm of bandwidth for a 15cm
beam.



We currently limit our operations to ‘between 75fs
and 100fs for several reasons. The primary reason is that
the temporal wings of the main pulse become increas-
ingly sensitive to spectral phase distortions as the band-
width is increased, requiring more emphasis on shot-to-
shot stability, and careful control and measurement of
the spectral phase to ensure low prepulse levels. Sec-
ondly, modifications are required to our existing oscilla-
tor and stretcher to accept the full bandwidth of a 30fs
pulse.

4 Results

Figure 5 shows the spectrum of the 15J compressed pulse.
The full-width half-maximum (FWHM) spectral width is
about 13.6 nm, nearly identical to that of the mode-locked os-
cillator pulse. Assuming a Gaussian temporal pulse shape the
deconvolved pulsewidth is ~ 75 fs, giving a time—bandwidth
product of =2 0.478, which is about 1.1 times the trans-
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Fig. 5. Power spectrum of the 15 J compressed pulse. FWHM spectral width
= 13.6 nm
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form limit. Figure 6 is a 1D profile of the focal spot of the
low-energy compressed pulse (attenuated from 280mJ in-
put) using an F/2 OAP. We have carefully measured the
focal spot through the system at the 280mJ input level
and have found the FWHM to be 2.0 x 1.6 um, or about
1.5x the diffraction limit. We do not expect significant
change in the spot dimensions at the 157J level, since ac-
tivation of the final two amplifiers only results in an in-
crease of 0.2rad (calculated) in the B-integral and pump
fluences that are similar to those on our other system [2,3]
where we have characterized the focal spot with and with-
out final amplifier pumping. When we estimated the per-
centage of total energy in the focal spot, we integrated
the base of the entire image, which was 120 x 120 pixels
(31.2 microns on a side) digitized to 8 bits, and added 1
bit per pixel-which is the worst case—and still deduced
that at least 56% of the energy remains within the spot,
supporting our contention that the power density is more
than 102 W/cm?.

5 Summary

We have observed that parasitic transverse lasing in large-
aperture (> 3 cm) Ti:sapphire amplifiers can seriously im-
pair their performance. Among the problems are limited
extraction efficiency and restrictive timing requirements.
Lower titanium concentrations and longer crystal lengths
are preferred, since this helps avoid parasitic lasing. In
addition, we have shown that suppression of the parasitics
can be accomplished by careful index matching at the disk
edges.

A new Ti:sapphire CPA laser system has been built which
currently produces laser pulses with a duration of 75 fs cen-
tered at 800nm, > 157J with a =~ 1.5x diffraction-limited
focused spot size. These pulses can be generated at up to 3
per hour. To date, this is undoubtedly the highest-intensity
laser ever demonstrated. The use of 100fs class pulses in
combination with high energy provides significant flexibil-
ity in not only focal intensity but also experimental geom-
etry. For example, experiments can be performed in a high-
aspect-ratio planar geometry while maintaining high peak
intensity.

Initial target experiments seek to measure the pho-
tonuclear activation of gold. An analysis of the various
isotopes produced will serve as an independent confirma-
tion that peak intensities exceeding 102! W/cm? have been
achieved.
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